DNA binding modules are positioned in tandem in the
Rap1p, including a region unique to Rap1p, suggesting that it is a human ortholog of Rap1p. We therefore refer middle of the polypeptide, while TRF1 and TRF2 each to this protein as hRap1. contain a single C-terminal Myb domain and use homoThe BRCT domain is an ‫59ف‬ aa presumed proteindimerization to place two Myb domains on DNA (Bianchi protein interaction motif first found in BRCA1, p53BP1, et al., 1997, 1999; Broccoli et al., 1997). As a conand Rad9p (Koonin et al., 1996) and now recognized in sequence of their different architecture, TRF1 and a large number of other proteins linked to DNA repair scRap1p recognize telomeric DNA in different ways. The (Bork et al., 1997; Callebaut and Mornon, 1997). X-ray two Myb domains of scRap1p recognize two tandem crystallography of the XRCC1 second BRCT domains GGTGT sites at 8 bp distance (Konig et al., 1996), a revealed an autonomously folded domain composed of sequence arrangement frequently represented in the a four-stranded parallel ␤ sheet surrounded by three ␣ yeast telomeric TG 1-3 repeat tracts. The two Myb dohelices (Zhang et al., 1998) . Although the BRCT domains mains in the TRF1 dimer, by contrast, interact with their of the three Rap1p orthologs are highly diverged, most YTAGGGTTR half sites regardless of their relative orienof the conserved patches of hydrophobic residues can tation and distance, as if the Myb domains are tethered be recognized by alignment to the BRCT domains of by unusually flexible linkers . A Myb-XRCC1 ( Figure 1D 
1997). A search for TRF2-interacting proteins has revealed
ScRap1p R1 has some notable peculiarities, including a novel human telomeric protein with a role in telomere a long linker between helix 1 and helix 2, and the preslength regulation that has significant sequence identity ence of phenylalanine and tyrosine residues instead of (24%-25%) with scRap1p in three different domains.
the three highly conserved tryptophan residues typical Since this human protein has both structural and funcof Myb domains (Konig et al., 1996; Konig and Rhodes, tional similarity to yeast Rap1p, we refer to it as hRap1. Figure 1G . We have not found significant similarity between human 1F), which we refer to as the Rap1 C Terminus (RCT) domain. The highest level of conservation is found in and yeast Rap1p outside the three domains mentioned above. Notably, the trans-activation domain of yeast the final 52 aa where there is 30% identity between human and scRap1p and 49% identity between the Rap1p is not represented as such in hRap1p. This region, positioned between the Myb domain and the RCT Rap1p proteins from K. lactis and S. cerevisiae ( Figure  1F ). Although its structure is not yet known, this part of domain, is not conserved in sequence and hRap1 has a predicted coiled domain that is not present in the the Rap1 proteins is likely to have an identical fold.
An overall summary of the similarities between the yeast Rap1ps. Furthermore, we were unable to detect
The TRF2-interacting domain in hRap1 was mapped to the C terminus ( Figure 2C) . Similarly, deletion mapping indicated that a region between aa 267 and 372 in the C terminus of hRap1 is responsible for the binding to TRF2 ( Figure  2C ). Yeast two-hybrid experiments also suggested homotypic interactions in the RCT domain. The area required for homotypic interactions in hRap1 is more extensive than that needed for binding to TRF2 and requires sequences from aa 267 to the very C terminus of the protein, including the last 27 aa ( Figure 2D ). The final 8 aa of the scRap1p RCT domain have been shown to be required for the interaction with Sir3p (Liu and Lustig, 1996). Consistent with the detection of homotypic interactions in the yeast two-hybrid assay, recombinant hRap1 behaves as a dimer in gel-filtration chromatography (D. Rhodes, personal communication). A summary of all the interaction data is given in Figure 2E . meric repeat DNA by hRap1. We also failed to detect a Specifically, all cells that had retained TRF2 at telomeres complex of hRap1 with single-stranded telomeric DNA showed hRap1 at the same sites whereas cells that or with duplex probes containing the yeast telomeric had lost the punctate TRF2 pattern (presumably due to TG 1-3 repeats (data not shown). expression of the TRF2 ⌬B⌬M allele) also lacked hRap1
TRF2 Recruits hRap1 to Telomeres
When hRap1 was incubated with TRF2 and a dots. Based on these data, interaction with TRF2 apds[TTAGGG] 12 probe, a ternary complex was formed pears to be the predominant manner by which hRap1 ( Figure 4B ). Titration of TRF2 on DNA resulted in two accumulates on telomeres. In agreement, telomeric accomplexes with different mobility ( Figures 4A and 4B ). cumulation was observed with a C-terminal fragment of
The slower migrating complex appeared only at high hRap1 (aa 184 to the C terminus) which retains the TRF2 protein concentrations and presumably represents a interacting domain, but lacks the BRCT and Myb docomplex containing a larger number of DNA-bound mains (data not shown).
TRF2 molecules. When hRap1 was added to the reaction, we observed an additional complex that migrated above the two TRF2 complexes ( Figure 4B ). The appear-TRF2 and hRap1 Form a Complex ance of this new band was strictly dependent on the on Telomeric DNA addition of hRap1 and was not observed in bandshift Since hRap1 carries a Myb motif, it was pertinent to reactions with hRap1 and TRF1 (data not shown). A examine its interaction with DNA. Using a doublesupershift assay with an affinity-purified, anti-peptide stranded [TTAGGG] 12 probe and a bandshift assay that antibody directed to aa 283 to 307 of hRap1 (Ab 664, allows binding of TRF2 to this probe, we failed to detect a protein-DNA complex with baculovirus-expressed see Figure 1A ) demonstrated that the hRap1-dependent Figure 4B and We derived five independent clonal HTC75 cell lines (F9, F11, F13, F14, and F17) overexpressing full-length, lanes 2 and 3 in Figure 4C ). In addition, we failed to detect an effect of hRap1 on the off-rate of the com-FLAG-tagged hRap1 in an inducible manner. In each cell line, Western analysis demonstrated inducible explexes (data not shown). We note that in some cases, additional protein DNA contacts are known to have a pression of an hRap1 protein that appeared slightly larger than endogenous hRap1, as expected from the relatively minor cooperative effect. Figure 7A) . Thus, to determine whether TRF1 or TRF2 has a role in mamit is possible that Taz1 also recruits a Rap1 to telomeres. malian meiosis, which features an analogous chromoComplete genome information on S. pombe may reveal some reorganization in the bouquet stage of meiosis I the existence of a Rap1 ortholog. It will be of interest (see for review de Lange, 1998).
to determine whether such an S. pombe Rap1 has one or two Myb domains. ScRap1p has two Myb domains and binds to telomeres through a direct interaction with Evolution of Eukaryotic Telomeres The recognition of S. pombe Taz1 as a member of the the telomeric DNA, while human Rap1 has a single Myb motif and has no known telomeric DNA binding activity. TRF family suggests that a TRF-like protein originally was engaged on telomeres in the last common ancestor Thus, either scRap1p has gained a Myb domain or hRap1 has lost one. Determination of the telomeric DNA of fungi and vertebrates. According to this view, S. cerevisiae most likely lost the TRF-like telomere binding binding activity and the number of Myb domains in Rap1 in S. pombe or another fungus could provide insight component at some point during the divergence of the Hemi-and Eu-ascomycetes (represented in Figure 7B into this issue. It is of obvious interest to establish the function of the single Myb motif in hRap1. by budding yeasts and Neurospora, respectively).
Given that human TRF2 facilitates the binding of rying an N-terminal FLAG epitope tag was created by PCR cloning mM Tris (pH 7.4), 10 mM NaCl, and 5 mM MgCl 2 (37ЊC, 15 min), and in pUHD10-3 (Gossen and Bujard, 1992). First, pUHD10-3-FLAG-5Ј sedimented onto cover slips for 15 s at 3000 rpm in a Sorvall was generated by inserting paired oligos encoding a FLAG tag into RT6000B tabletop centrifuge. Chromosome spreads were immediBamHI site of pUHD10-3. A fragment representing the complete ately fixed and permeabilized as described above. To examine the coding region of hRap1 was generated by PCR using Pfu-polymerhRap1 localization in interphase HeLa1.2.11 cells transfected with ase and the primer pair 5Ј-GCGCAGATCTGCGGAGGCGTTGGAT hTRF2 ⌬B⌬M , cells were washed with PBS, extracted with Triton X-100 TTG-3Ј and 5Ј-GCGCGGATCCTTATTTCTTTCGAAATTCAATCCT-3Ј buffer (0.5% Triton X-100, 20 mM HEPES [pH 7.9], 50 mM NaCl, 3 and cloned into the BamHI site. The resulting plasmid was intromM MgCl 2 , and 300 mM sucrose) for 10 min, washed with PBS duced into HTC75 as described previously (van Steensel et al., 1998) twice, fixed with 3% formaldehyde, 2% sucrose in PBS for 10 min, and independent clonal cell lines (F lines) were isolated using cloning permeabilized with Triton X-100 buffer for 10 min, washed with PBS cylinders. Growth conditions of the cells and methods to measure twice followed by antibody staining. Most nucleoplasmic proteins telomere lengths were described previously ( 
